WHAT IS KNOWN?
==============

-   Atrial remodeling contributes to initiation and perpetuation of atrial fibrillation. CREM-IbΔC-X (cAMP responsive element modulator isoform IbΔC-X) transgenic mice progressively develop atrial remodeling preceding spontaneous onset of atrial fibrillation.

-   HDACs (histone deacetylases) control remodeling associated processes like hypertrophy, fibrosis, and energy metabolism, and HDAC inhibition was inter alia linked to attenuation of atrial fibrosis and reduced inducibility of atrial arrhythmic episodes in preclinical models.

WHAT THE STUDY ADDS?
====================

-   Valproic acid, a known anticonvulsant and HDAC class I/IIa inhibitor, attenuated the progressive atrial remodeling in CREM-IbΔC-X transgenic mice (atrial dilatation, cardiomyocyte elongation, ultrastructural disorganization, fibrosis, action potential alterations, and thrombus formation) finally delaying the spontaneous onset of atrial fibrillation.

-   Valproic acid specifically counter-regulated remodeling associated proteomic changes in CREM-IbΔC-X transgenic mice while it had little effects on wild-type mice.

-   Valproic acid, clinically available and well-tolerated, may have the therapeutic potential to delay the development of atrial remodeling and the onset of atrial fibrillation in patients at risk.

Atrial fibrillation (AF) is the most common arrhythmia in the elderly and increases the rate of death (2-fold), stroke (5-fold), heart failure, and hospitalization.^[@R1]^ Because of population aging, the number of patients with AF has been estimated to more than double in the next decades which will have major public health implications.^[@R2]^ AF progresses from rare paroxysmal episodes, often unrecognized by patients, to long-lasting persistent and finally permanent stages. Simultaneously, the atrium undergoes a complex remodeling process comprising structural and functional alterations of myocytes, extracellular matrix, and vasculature forming vicious circles culminating in the perpetuation of the disease.^[@R3]^ The mechanisms underlying this extensive remodeling are not fully understood, and the current treatment of AF is limited to rate control or prevention of stroke with anticoagulation but misses finally to prevent the perpetuation of the disease.^[@R1],[@R3],[@R4]^

Decreased expression of targets of the CREB/CREM/ATF (cAMP response element-binding protein/cAMP responsive element modulator/activating transcription factor) transcription factor family was linked to AF susceptibility in humans,^[@R5]^ and the CREM repressor isoform CREM-IbΔC-X is upregulated in human AF^[@R6]^. Mice with heart-specific expression of CREM-IbΔC-X represent a unique model of spontaneous onset AF preceded by the development of an extensive atrial remodeling including atrial dilatation, atrial myocyte hypertrophy, and fibrosis.^[@R7]--[@R10]^ In this study, we investigated whether atrial remodeling in CREM-IbΔC-X transgenic mice can be attenuated by valproic acid (VPA), which is an inhibitor of HDACs (histone deacetylases). Histone deacetylation by HDACs leads to chromatin condensation and gene silencing whereas histone acetylation by HATs (histone acetyltransferases) leads to chromatin relaxation and facilitates gene transcription. During transcriptional activation, CREB recruits coactivators (p300/CBP \[CREB binding protein\]) which contain HAT domains.^[@R11]^ Binding of CREM repressors to the common DNA binding sequence cAMP response element prevents this recruitment which might shift the balance to histone deacetylation by HDACs. Moreover, the isoform CREMα has even been shown to recruit HDAC1 to the cAMP response element, facilitating deacetylation of histones.^[@R12]^

In the heart, HDACs control processes like hypertrophy, fibrosis, apoptosis, and energy metabolism,^[@R13]^ which are objects of AF related remodeling.^[@R3]^ HDAC inhibitors targeting different HDAC classes have been shown to act as antifibrotic and antihypertrophic therapeutics in the heart in preclinical models^[@R14]--[@R16]^ and have clinically already been tested for anticancer treatment. Recent studies even demonstrated the effectiveness of HDAC inhibitors in reducing atrial fibrosis and atrial arrhythmia inducibility in mice and electrical remodeling in tachypaced dogs suggesting HDAC inhibition as a promising therapeutic approach for AF.^[@R17],[@R18]^ Thus, we hypothesized that HDAC inhibition might beneficially affect the AF phenotype in transgenic mice.

Here, we show that the known anticonvulsant VPA, which is a clinically available and well-tolerated HDAC class I/IIa inhibitor, delays the development of atrial remodeling and the onset of AF in transgenic mice. Our results suggest a promising role for HDAC inhibition in the treatment of AF and propose VPA as a therapeutic option to be tested in humans.

Methods
=======

Details on Methods are available in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071).

Data and methodical details not available within the article, and its [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071) files are available from the corresponding author on reasonable request.

Animals and Experimental Design
-------------------------------

Mice with cardiomyocyte-specific expression of CREM-IbΔC-X have been described before.^[@R7]--[@R10]^ Adult male transgenic (TG) and wild-type (WT) mice were randomly assigned to vehicle (\[VEH\] WT~VEH~, TG~VEH~) or VPA-treatment groups (WT~VPA~, TG~VPA~). VPA administration started at an age of 5 weeks for short-term (7 weeks) or long-term (25 weeks) treatment (Figure [1](#F1){ref-type="fig"}A). Mice with cardiomyocyte-specific knockout of HDAC2 (HDAC2KO) are specified in Methods in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071). All experiments on animals conformed to the Directive 2010/63/EU of the European Parliament and were approved by the local animal welfare authorities (LANUV \[Landesamt für Natur, Umwelt und Verbraucherschutz\]; North Rhine-Westphalia, Germany; permit AZ 84-02.04.2011.A155; 84-02.04.2015.A418).

![**Valproic acid (VPA) treatment attenuates atrial dilatation and cardiomyocyte hypertrophy in CREM-IbΔC-X transgenic (TG) mice.** **A**, Short-term (7 wk) and long-term (25 wk) treatment scheme for mice receiving VPA or vehicle (VEH). **B** and **C**, Representative images of mouse hearts and statistical analysis of AW/BW ratio (atrial weight/body weight) illustrate age-dependent atrial dilatation in TG~VEH~ animals and its attenuation by VPA after both short-term and long-term treatment (n=22--34 animals/group). **D**, Representative images of isolated atrial cardiomyocytes from all 4 treatment groups (short-term). **E**, Mean cell length and (**F**) cell width. n=5--7 isolations/group; average of 50 cells/isolation; \**P*\<0.05 vs wild-type (WT)~;~ †*P*\<0.05 vs VEH. CREM-IbΔC-X indicates CREM (cAMP responsive element modulator) isoform IbΔC-X.](hae-12-e007071-g001){#F1}

Preparation of Drugs for Mouse Treatment
----------------------------------------

VPA dosing was chosen to achieve serum levels reported for HDAC inhibition.^[@R19],[@R20]^ VPA sodium salt (0.71% wt/vol) dissolved in drinking water (vehicle) was available ad libitum.^[@R21]^

Electrocardiography Recordings
------------------------------

ECGs were recorded in mice during long-term treatment every 2 weeks starting from week 10 of age as described.^[@R22]^ AF was defined by absence of P-waves in combination with an irregular ventricular rate.

Serum Analysis
--------------

Blood was collected directly from the heart with a syringe immediately after mice have been euthanized. Serum VPA concentration was determined at the Center for Laboratory Medicine, University Hospital of Münster.

Atrial Tissue Preparation
-------------------------

Mouse atria were dissected from whole heart preparations in ice-cold saline solution (0.9 %), atrial thrombi were removed, and then atria were frozen in liquid nitrogen and weighed after freezing. Atrial tissue was used for Western blot, proteome analysis, and chromatin immunoprecipitation.

Western Blots
-------------

Immunoblotting of atrial lysates (40 µg protein per sample) was performed as described.^[@R23]^ Anti-Histone H4 (acetyl K8) antibody (ab15823; Abcam) and anti-Histone H4 (dilution: 1:1.000, ab10158; Abcam) were used as primary antibody, ECL HRP-conjugated anti-rabbit or mouse IgG antibody (GE Healthcare) were used as secondary antibodies (dilution: 1:5.000).

Chromatin Immunoprecipitation
-----------------------------

Chromatin immunoprecipitation was performed as described^[@R23]^ modified for atrial tissue. Genomic DNA from transgenic or WT mouse atria was precipitated by affinity-purified rabbit polyclonal HA tag antibody (ab9110; Abcam). Enrichment of genomic DNA fragments (anti-HA transgenic versus anti-HA WT) was tested by quantitative real-time polymerase chain reaction.

Isolation and Sizing of Atrial Cardiomyocytes
---------------------------------------------

After short-term treatment, atrial cardiomyocytes were isolated according to Bögeholz et al^[@R24]^ with minor modifications. Only spindle-shaped, clearly striated myocytes were used for subsequent analyses. Length and width of 50 to 60 randomly seeded atrial cardiomyocytes were determined and averaged per preparation using a wild-field microscope (Nikon Eclipse Ti-E, Nikon Instruments) equipped with a motorized stage and a CCD camera (stitching of 5×5 images, ×20 magnification, NIS elements; Nikon Instruments).

Patch-Clamp Experiments
-----------------------

Atrial cardiomyocytes were slowly adapted to 1 mmol/L Ca^2+^ with perfusion of Tyrode solution. Action potentials (APs), triggered at 1 Hz, were recorded using the perforated patch current clamp technique as described.^[@R22]^ Three to 5 consecutive APs were averaged for AP parameter analysis. Additionally, APs and Na^+^ currents (voltage-clamp mode) were recorded under basal conditions and after acute application of 1 mmol/L VPA (500 ms test pulse duration; −80 to +70 mV, Δ10 mV, −80 mV holding potential).

Acute VPA Treatment of Atrial Cardiomyocytes and Heart Preparations
-------------------------------------------------------------------

Atrial cardiomyocytes were treated with vehicle (Tyrode solution) or VPA (1 mmol/L, VPA sodium salt in Tyrode solution) at 37°C for 20 minutes. Explanted hearts were treated accordingly by retrograde Langendorff-perfusion.

Analysis of Fibrosis and Ultrastructure
---------------------------------------

Masson trichrome staining was performed on 5 µm sections of paraffin-embedded hearts for estimation of interstitial fibrosis which was quantified with Image-Pro Plus software (Media Cybernetics Incorporation, Rockville, MD).

Ultra-thin sections of atria were stained with uranyl acetate and lead citrate and analyzed with a Philips EM 208S transmission electron microscope. In 12 to 18 electron microscope images per animal (100 µm^2^ in size), the relative areas (%) with sarcomere structure, mitochondria, and collagen were estimated using ImageJ software.

Proteome Analysis of Atrial Tissue
----------------------------------

Atrial tissue preparation (n=5--8/group), protein digestion, and liquid chromatography--tandem mass spectrometry were performed as described.^[@R10],[@R25]^ Ingenuity Software (Qiagen, Hilden, Germany) and the Kyoto Encyclopedia of Genes and Genomes database were used to assign altered proteins in atrial tissues to biological pathways.

Statistical Analysis
--------------------

If not indicated otherwise, data are presented as mean±SEM. Normally distributed data were analyzed with unpaired 2-tailed Student *t* test or ANOVA, nonnormally distributed data with Mann-Whitney *U* test or Kruskal-Wallis ANOVA. The Log-Rank test was used for Kaplan-Meier analysis of AF development. Fisher exact test was used for analysis of frequency distribution. Analyses were performed using SigmaPlot (Systat Software, Erkrath, Germany) or Origin Pro (OriginLab, Northampton). A *P* value \<0.05 was considered statistically significant.

Results
=======

VPA Reduced Atrial Enlargement in CREM-IbΔC-X Transgenic Mice
-------------------------------------------------------------

Our VPA-treatment scheme (Figure [1](#F1){ref-type="fig"}A) resulted in mean VPA serum levels in mice that were close to therapeutic levels in human (0.3--1 mmol/L/43--144 µg/mL)^[@R19]^ (n=10--30 animals/group; Figure I in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071)). The atrial weight/body weight ratio in TG~VEH~ was increased by 69% and 396% versus WT~VEH~ mice, at 12 and 30 weeks of age, respectively (*P*\<0.05; Figure [1](#F1){ref-type="fig"}B and [1](#F1){ref-type="fig"}C), reflecting atrial enlargement in transgenic mice. At the same time, ventricular weights did not differ between groups (*P* \>0.05; data not shown). VPA short-term treatment (Figure [1](#F1){ref-type="fig"}B) almost normalized the increased atrial weight/body weight ratio (*P*\<0.05), whereas long-term treatment (Figure [1](#F1){ref-type="fig"}C) still reduced the atrial weight/body weight ratio in TG~VPA~ mice by 42% (*P*\<0.05; n=22--34 animals/group).

Atrial enlargement in transgenic mice is associated with atrial cardiomyocyte elongation.^[@R9]^ Atrial cardiomyocyte length and width (Figure [1](#F1){ref-type="fig"}D through [1](#F1){ref-type="fig"}F) were increased in TG~VEH~ mice at an age of 12 weeks (*P*\<0.05). Short-term-VPA treatment led to a reduced elongation of transgenic atrial cardiomyocytes (*P*\<0.05; Figure [1](#F1){ref-type="fig"}E) and completely prevented the increase in cell width (*P*\<0.05; Figure [1](#F1){ref-type="fig"}F; n=5--7 isolations/group).

VPA Treatment Attenuated Ultrastructural Disarrangement of Atria in Transgenic Mice
-----------------------------------------------------------------------------------

Electron microscopy analyses revealed noticeable ultrastructural remodeling in transgenic mice at the age of 7 and more prominent at the age of 16 weeks (Figure [2](#F2){ref-type="fig"}). In line with Seidl et al,^[@R10]^ we observed a loss of sarcomere structure (*P*\<0.05), reduced organization and amount of mitochondria (*P*\<0.05), and increased occurrence of collagen fibers (*P*\<0.05), glycogen, and lipofuscin granules (*P*\<0.05) culminating in a completely disarranged cell and tissue structure. VPA treatment was able to delay the development of this ultrastructural remodeling in transgenic mice. The tissue structure was considerably more organized in TG~VPA~ versus TG~VEH~ after both treatment periods and the percentage distribution of sarcomeres and collagen fibers (*P*\<0.05 versus TG~VEH~) was closer to WT (WT~VPA~ examples: Figure II in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071); n=3--4 animals/group).

![**Valproic acid (VPA) treatment attenuates ultrastructural remodeling in CREM-IbΔC-X transgenic (TG) mice atria.** Representative electron microscopic images of atrial tissue and quantitative analysis (area proportions in %) of sarcomeres, mitochondria, collagen fibers, lipofuscin granules, and glycogen in the indicated groups during (**A**) short-term (7th wk) and (**B**) long-term (16th wk) treatment. With age, myolysis dominated in TG~VEH~ atrial cardiomyocytes and accumulation of collagen fibers between cells was enhanced. VPA attenuated this ultrastructural disarrangement after short- and long-term treatment in transgenic atria (TG~VPA~; n=3--4 animals/group; average of 16--18 pictures/animal; \**P*\<0.05 vs wild-type (WT; all areas); †*P*\<0.05 vs vehicle (VEH; other, collagen, sarcomeres), mitochondria: not significant). CREM-IbΔC-X indicates CREM (cAMP responsive element modulator) isoform IbΔC-X.](hae-12-e007071-g002){#F2}

VPA Reduced the Amount of Fibrosis and the Occurrence of Thrombi in Transgenic Atria
------------------------------------------------------------------------------------

Atrial fibrosis is a hallmark of arrhythmogenic structural remodeling. TG~VEH~ mice displayed distinct atrial fibrosis at the age of 16 weeks (TG~VEH~: 11% versus WT~VEH~: 2%; *P*\<0.05). VPA treatment markedly reduced the amount of atrial fibrosis in TG~VPA~ to 6% (*P*\<0.05; Figure [3](#F3){ref-type="fig"}A through [3](#F3){ref-type="fig"}C; n=8--9 animals/group).

![**Valproic acid (VPA) treatment attenuates fibrosis and thrombus occurrence in CREM-IbΔC-X transgenic (TG) mice atria.** **A**, Exemplary images of Masson trichrome--stained atrial sections for all groups during long-term treatment (16th wk), collagen (fibrosis) is stained blue. **B**, Exemplary image sections for all groups at higher magnification. The wall of transgenic atria was extremely thin containing just a few trabeculae in contrast to the thick atrial wall of wild-type (WT) mice. **C**, Mean atrial fibrosis in % (n=8--9 animals/group; \**P*\<0.05 vs WT; †*P*\<0.05 vs vehicle \[VEH\]). **D**, Representative images of WT and transgenic atria, the latter with and without thrombus. **E** and **F**, Portion of mice with atrial thrombi after short- and long-term treatment (n=30--34 animals/group; \**P*\<0.05 vs WT~;~ †*P*\<0.05 vs VEH). CREM-IbΔC-X indicates CREM (cAMP responsive element modulator) isoform IbΔC-X.](hae-12-e007071-g003){#F3}

As in human, AF in transgenic mice is associated with the occurrence of atrial thrombi.^[@R26]^ The proportion of thrombus-positive TG~VEH~ mice increased with age from 35% (12 weeks) to 65% (30 weeks; *P*\<0.05; Figure [3](#F3){ref-type="fig"}D through [3](#F3){ref-type="fig"}F). VPA clearly reduced the occurrence of thrombi in TG~VPA~ atria (short-term: 13%; long-term: 35%; *P*\<0.05; n=30--34 animals/group).

VPA Prevented AF-Associated Electrical Remodeling in Transgenic Mice
--------------------------------------------------------------------

Electrical remodeling leading to changes in AP duration (APD) is thought to facilitate or stabilize AF. The APD until 50, 70, and 90% of repolarization (APD50, APD70, and APD90) measured in atrial cardiomyocytes from TG~VEH~ mice was increased by 54% to 100% versus WT~VEH~ (*P*\<0.05; Figure [4](#F4){ref-type="fig"}A through [4](#F4){ref-type="fig"}F). VPA short-term treatment completely prevented AP prolongation in TG~VPA~, whereas APs measured in atrial cardiomyocytes from WT~VPA~ mice were not different versus WT~VEH~ (*P *\>0.05; n=21--35 cardiomyocytes/5--10 isolations). In line, no arrhythmogenic alterations were observed in ECG parameters even after VPA long-term treatment in WT mice underlining VPA's cardiac safety (n=8 animals per group; Figure III in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071)).

![**Valproic acid (VPA) prevents action potential (AP) prolongation in CREM-IbΔC-X transgenic (TG) mice.** **A**, Representative APs recorded from isolated atrial cardiomyocytes of indicated groups. **B**, Mean AP amplitude (**C**) slope and (**D**--**F**) action potential duration (APD) until 50, 70, and 90% of repolarization (APD~50~, APD~70~, and APD~90~) in atrial cardiomyocytes after short-term treatment. VPA treatment prevented the APD increase in transgenic myocytes (n=21--35 cardiomyocytes/5--10 isolations; \**P*\<0.05 vs wild-type (WT); †*P*\<0.05 vs vehicle \[VEH\]). CREM-IbΔC-X indicates CREM (cAMP responsive element modulator) isoform IbΔC-X.](hae-12-e007071-g004){#F4}

VPA Delayed the Time Until Spontaneous Onset of AF in Transgenic Mice
---------------------------------------------------------------------

Because VPA attenuated both the structural and electrical remodeling, we questioned whether these effects would affect the onset of AF. Periodic ECG recordings confirmed the onset of AF before week 10 of age in TG~VEH~ mice. However, VPA treatment led to a delay in the time until onset of AF in TG~VPA~ mice (*P*\<0.05; Figure [5](#F5){ref-type="fig"}A and [5](#F5){ref-type="fig"}B) indicated by a right-shift of the Kaplan-Meier curve, depicting the time-dependent increase of AF in transgenic mice (n=19--20 \[WT\]; 32--36 \[transgenic\] animals per group).

![**Valproic acid (VPA) delays the onset of atrial fibrillation (AF) in CREM-IbΔC-X transgenic (TG) mice.** **A** Representative ECG traces of a wild-type (WT) mouse in sinus rhythm (**left**) and a transgenic mouse showing AF (**right**). **B**, AF increased with age in TG~VEH~ as demonstrated by Kaplan-Meier plots showing the survival of mice with AF. VPA treatment delayed the onset of spontaneous AF in TG~VPA~ mice. No AF was observed in WT animals (n=19--20 \[WT\]; 32--36 \[transgenic\] animals/group). \**P*\<0.05 vs WT~;~ †*P*\<0.05 vs vehicle (VEH). CREM-IbΔC-X indicates CREM (cAMP responsive element modulator) isoform IbΔC-X.](hae-12-e007071-g005){#F5}

VPA Increased Histone H4-Acetylation in Transgenic Atria After Short- and Long-Term Treatment
---------------------------------------------------------------------------------------------

To confirm in vivo HDAC inhibition in mouse hearts by the VPA-treatment regime used in this study, we analyzed H4-acetylation in atrial homogenates of all groups at the end of both VPA-treatment periods. In atrial homogenates of TG~VPA~ mice H4-acetylation was increased by 30% after VPA short-term treatment and by 59% after VPA long-term treatment versus WT~VEH~ (*P*\<0.05; n=5--10/group; Figure [6](#F6){ref-type="fig"}A and [6](#F6){ref-type="fig"}B). H4-acetylation was not different between the WT groups (*P *\>0.05). Thus, prolonged VPA treatment increased H4-acetylation exclusively in atria of transgenic mice.

![**Valproic acid (VPA) operates as an HDAC (histone deacetylase) inhibitor.** **A--C**, Representative Western blot images and quantitative analysis of acetylated histone H4 (AcH4) and H4. In vivo VPA treatment increased H4-acetylation in CREM-IbΔC-X (cAMP responsive element modulator isoform IbΔC-X) transgenic (TG) mice atrial homogenates after (**A**) short- and (**B**) long-term treatment (n=5--10/group; \**P*\<0.05 vs wild-type \[WT\]; †*P*\<0.05 vs vehicle \[VEH\]). **C**, Increased H4-acetylation was also visible when VPA was applied acutely to atrial cardiomyocytes and perfused atria from WT mice (n=4--5 isolations or hearts/group; \**P*\<0.05 vs untreated). **D**, Representative action potentials (APs) recorded from atrial cardiomyocytes (WT~VEH~; age: 12 wk) before and during acute administration of VPA. **E**--**G**, Acutely administered VPA did not alter AP duration (APD)~50~, APD~70~, and APD~90~, the mean AP amplitude **H**, slope **I** (n=6 cardiomyocytes/3 isolations) or **J** the amplitude of I~Na~ in atrial TG~VEH~ cardiomyocytes (n=6 cardiomyocytes/5 isolations). **K**, Genetic inactivation of HDAC2 (HDAC2KO) in TG×HDAC2KO mice lead to a similar attenuation of the ultrastructural disarrangement than VPA treatment (see Figure [2](#F2){ref-type="fig"}; TG×HDAC2KO, transgenic: n=5 animals/group; HDAC2KO, control \[CTR\]: n=3 animals/group; average of 12 images/animal; Sarcomeres, Other: \**P*\<0.05 vs CTR and †\<0.05 vs transgenic; mitochondria, collagen: not significant). **L**, Representative images.](hae-12-e007071-g006){#F6}

Acute VPA Application Did Not Affect AP Kinetics or Na^+^ Current
-----------------------------------------------------------------

We recorded APs in WT atrial cardiomyocytes before and during acute application of VPA in a dose reported to affect ionic currents in neurons (1 mmol/L).^[@R27]^ Whereas we did observe an increased histone H4-acetylation in WT isolated atrial cardiomyocytes and whole heart preparations acutely treated with 1 mmol/L VPA (*P*\<0.05; n=4--5 isolations or hearts/group; Figure [6](#F6){ref-type="fig"}C), we did not observe any acute changes in AP parameters (amplitude, slope, durations; *P *\>0.05; n=6 cardiomyocytes/3 isolations; Figure [6](#F6){ref-type="fig"}D through [6](#F6){ref-type="fig"}I). Moreover, Na^+^ currents (I~Na~) directly measured in atrial cardiomyocytes from TG~VEH~ mice were not affected at this dose (*P *\>0.05; n=6 cardiomyocytes/5 isolations; Figure [6](#F6){ref-type="fig"}J). Thus, noteworthy acute effects of VPA on AP relevant cardiac ion channels up to a concentration of 1 mmol/L are unlikely.

Genetic Inactivation of HDAC2 Attenuated Ultrastructural Disarrangement of Atria in Transgenic Mice Comparably With VPA
-----------------------------------------------------------------------------------------------------------------------

Electron microscopy analyses of atria from transgenic mice crossbred with heart-specific HDAC2KO mice (age 12--14 weeks) revealed an attenuation of the ultrastructural remodeling that mimicked the effect of VPA in transgenic mice. Whereas the area with sarcomeres was reduced on average by 44% and the amount of areas with lipofuscin and glycogen granules increased by 66% in transgenic versus WT mice (*P*\<0.05), TG×HDAC2KO atria were significantly less disarranged versus Transgenic and not statistically different versus controls (*P *\>0.05 versus WT or HDAC2KO; n=3 animals/group; Figure [6](#F6){ref-type="fig"}K and [6](#F6){ref-type="fig"}L, Figure IV in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071)). This underlines the role of HDAC2 inhibition for the attenuation of the ultrastructural remodeling in transgenic mice.

VPA Treatment Reversed Protein Dysregulation in Transgenic Atria
----------------------------------------------------------------

With a proteome analysis, we identified 1374 proteins differing in amount among groups after VPA short-term treatment (n=8 atria/group). Changes in protein levels observed in TG~VEH~ versus WT~VEH~ inversely correlated with protein changes induced by VPA in transgenic mice (Figure [7](#F7){ref-type="fig"}A) but did not correlate with changes induced by VPA in WT (Figure [7](#F7){ref-type="fig"}B), indicating a disease-specific counter-regulatory effect of VPA in transgenic mice. A detailed intersection analysis is given in Figure V in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071). We focused further analysis on strongly regulated proteins in transgenic mice (TG~VEH~ versus WT~VEH~ ratio: \<0.5 or \>2; *P*\<0.05) that were at the same time significantly altered by VPA (*P*\<0.05), and it turned out that these 295 proteins were consistently counter-regulated by VPA in transgenic mice (Figure [7](#F7){ref-type="fig"}C; Table I in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071)).

![**Analysis of proteomic changes induced by CREM-IbΔC-X transgenic (TG) expression and the valproic acid (VPA) treatment.** Correlations of protein ratios of 1374 identified proteins between (**A**) TG~VPA~/TG~VEH~ and TG~VEH~/WT~VEH~, (**B**) WT~VPA~/WT~VEH~ and TG~VEH~/WT~VEH~ after short-term treatment (12 wk of age; red line: linear regression curve) demonstrate a disease-specific counter-regulatory effect of VPA on altered proteins in transgenic mice (Pearson *r*: −0.86). **C**, Two hundred and ninety-five proteins, strongly regulated in transgenic mice (TG~VEH~ vs WT~VEH~, ratio \<0.5 or \>2) and significantly affected by VPA, were consistently counter-regulated by VPA. **D**, Enriched top 15 pathways according to Ingenuity Pathway Analysis on these 295 proteins, including number of related proteins (red=upregulated, blue=downregulated vs WT~VEH~), enrichment *P* value (black line/symbols; as --log; shared *x* axis) and proportion of regulated proteins within the indicated pathways. **E**, Activation state of selected pathways and disease functions in TG~VEH~ atria and in response to VPA (red=activation, blue=inactivation; *Z* scores \>2 and \<−2 are considered significant \[above dashed line\]). CREM-IbΔC-X indicates CREM (cAMP responsive element modulator) isoform IbΔC-X; ECM, extracellular matrix; ILK, integrin linked kinase; PPAR, peroxisome proliferator-activated receptor; RhoA, Ras homolog gene family, member A; RXRa, retinoid X receptor alpha; TCA, tricarboxylic acid cycle; VEH, vehicle; and WT, wild-type.](hae-12-e007071-g007){#F7}

We matched these 295 proteins with a recently published independent dataset derived from transgenic mice before the onset of AF at an age of 7 weeks.^[@R10]^ Ninety-eight percent of those proteins identified in both datasets (102/104 matching proteins; indicated by \* in all datasets) were already altered at 7 weeks of age (Figure IV in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071)).

An Ingenuity Pathway Analysis revealed that the 295 proteins are part of and enriched (*P*\<0.05) in pathways related to actin cytoskeleton organization, cell-cell and cell-matrix interaction, metabolism, inflammation, and dysfunction of mitochondria (Figure [7](#F7){ref-type="fig"}D; Table II in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071)). It further revealed that relevant disease functions (eg, cardiac hypertrophy, cardiac fibrosis, necrosis of muscle) and pathways (eg, integrin, RhoA, and Rac (Ras-related C3 botulinum toxin substrate) signaling) were activated in TG~VEH~ atria and inhibited by VPA treatment (Figure [7](#F7){ref-type="fig"}E). Illustrative Kyoto Encyclopedia of Genes and Genomes pathway maps for the pathways oxidative phosphorylation, focal adhesion, hypertrophic cardiomyopathy, and coagulation cascade are shown in Figures VII through X in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071). Selected proteins identified by Kyoto Encyclopedia of Genes and Genomes pathway mapping and directly related to AF's pathology are summarized in Table.

###### 

Selected Proteins Directly Related to the Pathology of AF

![](hae-12-e007071-g008)

Sixty of the 295 most strongly affected proteins in TG~VEH~ versus WT~VEH~ were, in turn, more than halved or doubled by VPA (TG~VPA~ versus TG~VEH~ ratio: \<0.5 and \>2; *P*\<0.05). A heatmap of these 60 proteins (Figure [8](#F8){ref-type="fig"}) illustrates that VPA, for example, increased reduced levels of sarcomeric proteins (MYL7 \[myosin light chain 7\], TNNI3 \[cardiac troponin I, cardiac 3\]) and proteins involved in energy metabolism (UQCR10 \[ubiquinol-cytochrome c reductase, complex III subunit X\], ATP5L \[ATP synthase subunit g\]), whereas it decreased elevated levels of fibrosis associated proteins (COL1A2 \[collagen, type I, alpha 2\], ELN \[elastin\]) and of proteins involved in the coagulation system (VWF \[Von Willebrand factor\], FGG \[fibrinogen gamma chain\]) in transgenic atria. We identified 9 genes (*Atp5l, Ces1d, Myl7, Ndufa12, Ndufa8, Ndufs7, Pdha1, Tnni3, Uqcr10*), whose corresponding proteins were downregulated in TG~VEH~ and reversed by VPA, as direct CREM-IbΔC-X target genes by chromatin immunoprecipitation (Table III in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071)).

![**Valproic acid (VPA) counteracts protein deregulation in CREM-IbΔC-X transgenic (TG) mice atria.** 60 of the 295 selected proteins (compare Figure [7](#F7){ref-type="fig"}C) were strongest counter-regulated by VPA (n=5--8/treatment group). Each row corresponds to the protein stated on the right. Colors: relative protein levels (blue=minimum; red=maximum). Proteins are grouped according to their assigned pathways. \*Proteins already regulated at 7 wk in TG~VEH~ vs WT~VEH~.^[@R10]^ †Proteins encoded by CREM-target genes (compare chromatin immunoprecipitation analysis Table III in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071)). CREM-IbΔC-X indicates CREM (cAMP responsive element modulator) isoform IbΔC-X.](hae-12-e007071-g009){#F8}

Discussion
==========

Atrial remodeling promotes the initiation and especially perpetuation of AF^[@R3]^. CREM-IbΔC-X mice show an extensive atrial remodeling finally leading to the spontaneous development of AF without additional pharmacological or electrical provocation protocols.^[@R6],[@R9],[@R10]^ In this model, the mild HDAC class I/IIa inhibitor VPA attenuates atrial remodeling and delays the onset of AF by counter-regulating the imbalance of proteins and associated pathways that are well linked to the pathophysiology of AF.

VPA Attenuates the Remodeling of AF Related Substrates in Transgenic Mice
-------------------------------------------------------------------------

VPA attenuated atrial remodeling by affecting AF related substrates that have been described already in previous studies on transgenic mice. These include atrial enlargement (Figure [1](#F1){ref-type="fig"}B and [1](#F1){ref-type="fig"}C),^[@R7],[@R9]^ atrial cardiomyocyte hypertrophy (Figure [1](#F1){ref-type="fig"}D through [1](#F1){ref-type="fig"}F),^[@R9]^ atrial fibrosis (Figure [3](#F3){ref-type="fig"}A through [3](#F3){ref-type="fig"}C),^[@R9]^ occurrence of thrombi (Figure [3](#F3){ref-type="fig"}D through [3](#F3){ref-type="fig"}F),^[@R26]^ and AP prolongation (Figure [4](#F4){ref-type="fig"}A through [4](#F4){ref-type="fig"}F).^[@R9],[@R10]^ The ultrastructural remodeling in transgenic (Figure [2](#F2){ref-type="fig"}) comprising myolysis, loss and disarrangement of mitochondria, glycogen deposition, and increased formation of collagen fibers was recently described in 7-and 12-week-old transgenic mice^[@R10]^ and showed further progression with age in the current study.

All these alterations have been identified as substrates responsible for initiation or perpetuation of AF in human and other animal AF models in previous studies. Atrial dilatation and fibrosis have been reported in animal models with AF induced by rapid atrial pacing.^[@R37],[@R38]^ Left atrial dilatation was associated with incidence of AF in an asymptomatic patient population.^[@R39]^ Increased atrial fibrosis was linked to lower effectiveness of AF catheter ablation.^[@R40]^ Loss of sarcomeres, glycogen accumulation, and disorganization of mitochondria were described in atrial myocardium from patients with AF and in the rapid atrial pacing goat model of sustained AF.^[@R38],[@R41]^ AP prolongation as observed in transgenic mice was associated with an increased risk for atrial torsades-de-pointes-like arrhythmias in patients with long QT--syndrome.^[@R42]^ In human AF, the AP is reportedly shortened leading to a decreased atrial refractory period, potentially facilitating reentry. In transgenic mice, AF is present along with prolongation of the AP, which rather serves as a trigger for AF in this model.

In conclusion, all these substrates will likely contribute to the progressive development of AF observed in transgenic mice (Figure [5](#F5){ref-type="fig"}), and thus, their consistent attenuation by VPA well explains the delay in onset of AF in TG~VPA~ mice.

VPA Mediated a Disease-Specific, Counter-Regulatory Effect on Altered Protein Levels and Pathways Linked to Remodeling in AF
----------------------------------------------------------------------------------------------------------------------------

Changes on protein levels induced by transgenic expression of CREM-IbΔC-X inversely correlated with VPA-mediated changes in transgenic mice (Figure [7](#F7){ref-type="fig"}A) but not in WT (Figure [7](#F7){ref-type="fig"}B), indicating a disease-specific, counter-regulatory effect of VPA in transgenic mice. Consequently, 295 of 468 strongly regulated proteins in the transgenic group (TG~VEH~ versus WT~VEH~ ratio: \<0.5 or \>2) were significantly counter-regulated by VPA (Figure [7](#F7){ref-type="fig"}C; Table I in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071)). We focused the proteome analysis (Ingenuity Pathway Analysis) on these 295 proteins because the related pathways and functions should be involved in both, the remodeling in Transgenic mice and its attenuation by VPA.

The analysis revealed that these 295 proteins are enriched in pathways related to cytoskeleton organization, cell-cell and cell-matrix interaction, metabolism, inflammation, and dysfunction of mitochondria (Figure [7](#F7){ref-type="fig"}D). The disorganization of mitochondria in transgenic mice (Figure [2](#F2){ref-type="fig"}), for example, is reflected by the downregulation of 44 and 38 mitochondrial proteins---enriched in the pathways Mitochondrial dysfunction and Oxidative phosphorylation, respectively (Figure [7](#F7){ref-type="fig"}D, Table II and Figure VII in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071)).

The Ingenuity Pathway Analysis further indicated activation of disease functions in transgenic mice like cardiac hypertrophy and fibrosis, apoptosis and necrosis of muscle cells, and activation of pathways like integrin, Rac, RhoA, and paxillin signaling (Figure [7](#F7){ref-type="fig"}E). These pathways are involved in the interaction between myocytes and the extracellular matrix and organization of the cytoskeleton. RhoA and Rac are involved in the promotion of stress fibers (F-actin), which play a role in coupling between cardiomyocytes and myofibroblasts and contribute to conduction disturbances.^[@R43]^ In line, mice with transgenic expression of RhoA show pronounced atrial enlargement and occasionally AF.^[@R44]^

By Kyoto Encyclopedia of Genes and Genomes pathway mapping, we identified several proteins that were altered in transgenic mice and counter-regulated by VPA, which have been directly linked to remodeling and the pathophysiology of AF in previous studies (Table). The dysfunction or deficiency of desmoglein-2, dystrophin, and myosin light chain 4, for example, which are downregulated in transgenic atria, goes along with atrial remodeling and AF in human and animal models.^[@R28]--[@R31]^ Hypercoagulability was shown to promote AF in rapid atrial pacing goats and thrombin to cause pro-fibrotic and proinflammatory responses in atrial fibroblasts.^[@R35]^ Thus, the observed upregulation of prothrombin and the Von Willebrand factor in transgenic mice (Table), as well as the increased occurrence of thrombi (Figure [3](#F3){ref-type="fig"}D through [3](#F3){ref-type="fig"}F) in transgenic atria can be directly linked to the structural remodeling and onset of AF in transgenic mice.

Downregulation of proteins of the pyruvate dehydrogenase complex (PDHA1 \[pyruvate dehydrogenase E1 α\], PDHB \[pyruvate dehydrogenase E1 β\], DLD \[dihydrolipoamide dehydrogenase\], DLAT \[dihydrolipoamide S-acetyltransferase\]; Table) and the fatty acid β-oxidation (Figure [7](#F7){ref-type="fig"}D) along with inhibition of the PPAR (peroxisome proliferator-activated receptor) pathway (Figure [7](#F7){ref-type="fig"}E) and glycogen accumulation (Figure [2](#F2){ref-type="fig"}) was present in transgenic mice in the current study. Similar metabolic alterations were observed in 7-week-old transgenic mice recently.^[@R10]^ They indicate a metabolic remodeling, as has been described in AF^[@R45]^, with activation of the fetal gene program leading to a metabolic switch from fatty acid to carbohydrate oxidation and accumulation of glycogen because of an impairment of the pyruvate dehydrogenase complex and the PPAR pathway, a pathway which plays an important role in maintaining fatty acid metabolism.^[@R10],[@R46]^ In general, there is high redundancy in identified pathways between the current dataset derived at 12 weeks of age (AF already detectable) and our previous study performed at 7 weeks of age (before onset of AF).^[@R10]^ Because 98% of all matching proteins were already altered in young mice (Figure VI in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071)), the alterations of the identified pathways in this study start before the onset of AF and thus should be especially responsible for its initiation.

It should be emphasized that the multitude of different functions and pathways altered in transgenic mice (Figure [7](#F7){ref-type="fig"}D and [7](#F7){ref-type="fig"}E) well reflects the actual complexity of remodeling in AF that hardly can be attributed to a single pathway.^[@R3],[@R45],[@R47]^ However, the most important finding is that VPA mediates a wide-ranging effect on these pathways and functions rather than targeting a single pathway. This clearly indicates the interaction with a general regulative mechanism as VPA's mode of action in this model.

VPA Restored Expression of Repressed CREM-Target Genes
------------------------------------------------------

The extensive remodeling in transgenic mice is in accordance with other mouse models with heart-specific repression of cAMP-dependent transcription.^[@R48]--[@R50]^ Moreover, decreased expression of targets of the CREB/CREM/ATF transcription factor family was linked to AF susceptibility in humans,^[@R5]^ and the repressor isoform CREM-IbΔC-X itself is upregulated in human AF^[@R6]^. Thus, we analyzed whether VPA is able to derepress repressed CREM-target genes. Among the top 60 regulated proteins that were both \>2-fold regulated in transgenic mice, as well as \>2-fold counter-regulated by VPA (Figure [8](#F8){ref-type="fig"}), 9 were downregulated in transgenic mice, and 5 of them (Atp5l, Uqcr10, Myl7, Tnni3, Ces1d \[carboxylesterase 1\]) identified to be encoded by CREM-target genes (Table III in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071)). This points to a direct role of CREM-IbΔC-X in reducing the level of muscle-related (Myl7, Tnni3) and mitochondrial (Atp5l, Uqcr10) proteins and thus for the loss and disorganization of mitochondria and sarcomeres observed in AF-associated remodeling.

VPA Operated as an HDAC Inhibitor in Transgenic Mice
----------------------------------------------------

VPA has been used for the treatment of epilepsy and mood disorders for \>40 years, and its effects on neuronal ionic currents and brain GABA (γ-aminobutyric acid) levels have been proposed as a mechanism for its anti-convulsive activity. Although the number of cellular targets that have been proven to be directly affected by VPA is small,^[@R51]^ it has been repeatedly demonstrated that VPA acts as an epigenetic modulator by direct inhibition of HDACs.^[@R19],[@R20],[@R52]^ In this capacity, VPA is, for example, currently tested in clinical trials for anticancer therapy along with other HDAC inhibitors.^[@R53]^

In the heart, studies suggest diverging roles for different HDAC classes. Reportedly, class IIa HDACs (HDAC4, 5, 7, and 9) promote antihypertrophic effects, whereas class I HDACs (HDAC1, 2, 3, and 8) promote cardiac hypertrophy or hyperplasia.^[@R13]^ Consequently, inhibition of class I HDACs is thought to mediate beneficial effects on cardiac remodeling, whereas inhibition of class IIa HDACs may promote hypertrophy. In line, HDAC2 protein level was upregulated in TG~VEH~ versus WT~VEH~ (ratio: 1.65). Cardiomyocyte-specific inactivation of just this single HDAC isoform in TG×HDAC2KO mice already significantly attenuated the ultrastructural remodeling in transgenic mice (Figure [6](#F6){ref-type="fig"}K and [6](#F6){ref-type="fig"}L) similar to the VPA treatment (Figure [2](#F2){ref-type="fig"}). This is strong support for both, an important role for HDAC2 in the observed remodeling in transgenic mice and HDAC inhibition as the predominant mechanism of VPA in this context.

HDAC inhibitors act as epigenetic modifiers by increasing acetylation of histones and nonhistones, and beneficial effects in the heart seem to be mediated by derepression of protective genes and repression of inductors of remodeling and inflammation.^[@R16]^ Consequently, HDAC inhibitors modulate a plethora of pathways and functions. In good accordance, VPA affected a huge number of proteins and associated pathways in transgenic mice, inter alia by derepressing identified CREM-IbΔC-X target genes.

VPA serum levels in mice in this study reached reported therapeutic levels in humans (0.3--1 mmol/L/43--144 µg/mL^[@R19],[@R54]^) and were close to reported IC50 (half maximal inhibitory concentration) values for VPA-mediated HDAC inhibition.^[@R19],[@R20],[@R55]^ Because for VPA, a fatty acid, a remarkably high uptake in the heart has been demonstrated in primates,^[@R56]^ tissue levels may even exceed serum levels. VPA is a semiselective HDAC inhibitor that inhibits HDAC class I\>IIa (IC50 \[half maximal inhibitory concentration\] class I: \<1 mmol/L; class IIa: \>1 mmol/L).^[@R20]^ Interestingly, Zhang et al^[@R57]^ recently demonstrated converse roles for class I and IIa HDACs in tachypaced HL-1 cardiomyocytes (HL-1 atrial muscle cell line). HDAC3 (class I) overexpression induced cardiomyocyte dysfunction and HDAC5 and 7 (class IIa) overexpression exerted protection against tachypacing-induced myocyte dysfunction. This suggests that the HDAC inhibitory profile of VPA might be especially beneficial in the context of AF by inhibiting preferentially class I HDACs while leaving the potential protective effect of class IIa HDACs largely intact. Zhang et al^[@R18],[@R58]^ also suggested an important role for HDAC6 (class IIb) as a key modulator in AF progression responsible for the derailment of cardiomyocyte proteostasis, and they consequently proposed HDAC6 inhibition as a promising target to treat AF. However, because VPA does not inhibit class IIb HDACs at therapeutic levels^[@R20]^ HDAC6 inhibition is not part of VPAs profile.

Effective in vivo HDAC inhibition in our study was confirmed by demonstrating increased histone H4-acetylation in atrial tissue of transgenic mice after VPA treatment (Figure [6](#F6){ref-type="fig"}A and [6](#F6){ref-type="fig"}B).

VPA mediated a disease-specific effect on the proteome and thus remodeling in this study (Figure [7](#F7){ref-type="fig"}A and [7](#F7){ref-type="fig"}B). Such a disease-specific effect on cardiac remodeling has also been shown for another HDAC inhibitor, the pan-HDAC inhibitor Trichostatin A (TSA), in the context of hypertrophy. Along preventing pathological cardiac remodeling, TSA reversed promoter specific histone acetylation in mice induced by transverse aortic constriction. Changes in promoter acetylation negatively correlated between TSA and transverse aortic constriction, whereas there was no significant correlation in sham-operated animals.^[@R59]^

VPA and TSA attenuated ventricular hypertrophy in mice with transgenic expression of Hop (homeodomain protein), a homeodomain protein that represses SRF (serum response factor)-dependent transcription by recruiting the class I isoform HDAC2.^[@R60]^ In that model, TSA and the class I HDAC inhibitor CI-994 reduced atrial fibrosis and inducibility of atrial arrhythmic episodes provoked by programmed electrical stimulation.^[@R21],[@R61]^ HDAC inhibitors were shown to block development of fibrosis by blocking cardiac fibroblast cell cycle progression.^[@R62]^ Moreover, VPA was recently shown to block pericyte-myofibroblast trans-differentiation and thereby fibrosis development in rats, which could be attributed to the inhibition of HDAC4.^[@R63]^

Furthermore, VPA effectively induced tPA (tissue-type plasminogen activator) along with other HDAC inhibitors^[@R64]^ and reduced thrombus formation in a mouse model of vascular injury,^[@R65]^ which clearly links the reduced occurrence of thrombi in TG~VPA~ to HDAC inhibition by VPA.

VPA and TSA have been shown to activate AMPK (AMP-activated protein kinase).^[@R66],[@R67]^ Activated AMPK reduces fatty acid synthesis, stimulates fatty acid oxidation, and inhibits cascades involved in protein synthesis, hypertrophic growth, proliferation, and possibly fibrosis.^[@R68]^ It was suggested that AMPK activation might be beneficial in AF by optimizing the balance between energy production and consumption.^[@R45],[@R68]^ AMPK increases the fatty acid transporter CD36 (platelet glycoprotein 4).^[@R69]^ CD36 is considerably downregulated in transgenic mice and significantly counter-regulated by VPA (Table I in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071); ratio TG~VEH~/WT~VEH~: 0.4 and TG~VPA~/TG~VEH~: 1.48). This might point to a long-term AMPK activation by VPA-mediated HDAC inhibition in TG~VPA~ hearts---beneficially affecting hypertrophy, fibrosis, and metabolism in transgenic mice in our study.

An acute effect of VPA on ion channels as reported in neurons^[@R27]^ was not visible in atrial cardiomyocytes (Figure [6](#F6){ref-type="fig"}D through [6](#F6){ref-type="fig"}J) up to 1 mmol/L, which is clearly above the mean serum level observed in transgenic mice. Though we cannot formally exclude the contribution of further mechanisms of VPA to the attenuation of atrial remodeling in transgenic mice, the evidence for HDAC inhibition, as the predominant mechanism of VPA in this study, is obvious. The effects on hypertrophy, fibrosis, thrombus occurrence, and metabolism that can be attributed to HDAC inhibition by VPA form a beneficial combination aiming at many proposed therapeutic targets in atrial remodeling and AF.

VPA Showed No Detrimental Effects in WT
---------------------------------------

Although VPA attenuated atrial remodeling in transgenic mice, structural or electrophysiological changes in WT~VPA~ mice could not be observed. This is in line with an unaltered H4-acetylation in atria from WT~VPA~ mice, which might point to a possible long-term compensatory mechanism because H4-acetylation was increased acutely in WT atria by VPA. Recently, Lugenbiel et al^[@R70]^ reported AP prolongation in HL-1 cardiomyocytes after 12-hour treatment with the pan-HDAC inhibitor TSA. Such an effect seems not to be present after prolonged treatment with VPA in mice, which might depend on VPAs HDAC inhibitory profile or efficacy. Long-term VPA treatment had no detrimental effects on ECG parameters in WT (Figure III in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCEP.118.007071)). In good accordance, VPA is recommended as antiepileptic drug for patients with epilepsy and cardiovascular comorbidities^[@R71]^ underlining its relative cardiac safety.

Limitations of the Study
------------------------

We started the treatment of transgenic mice at a time point where first atrial ectopies are visible in transgenic mice and AF starts to develop^[@R9]^ to test whether VPA is able to affect the development of atrial remodeling along the progression of AF. Future studies will have to address whether treatment with VPA or more specific HDAC inhibitors beneficially affect atrial remodeling and development of AF detected at more progressed stages of the disease. We investigated only male mice in our study, which showed a more pronounced phenotype. Thus, the impact of VPA on female mice cannot be addressed. VPA did not stop progression of atrial remodeling in our study, and readers may question the clinical relevance of the delay in onset of AF observed in this study on mice. In this context, one has to keep in mind that a delay in the onset of AF of a few weeks in face of the rapid development of the disease in transgenic mice, and an average expected life expectancy in mice of 2 years is a lot. We did not perform hemodynamic measurements in this study because previous investigations in transgenic mice revealed an increased left ventricular contractility (dp/dtmax) and accelerated speed of relaxation in hemodynamic measurements,^[@R7]^ unchanged left ventricular function and wall dimensions in echocardiographic investigations,^[@R6]^ and no hypertrophy of ventricular cardiomyocytes.^[@R22]^ Consequently, the atrial phenotype in transgenic mice cannot be explained by an impaired ventricular function and it is rather unlikely that the attenuation of atrial remodeling in transgenic mice is caused by an improvement of ventricular function by VPA.

With respect to the model and our initial hypothesis, we expected to observe reduced histone H4-acetylation in TG~VEH~ mice because CREM-IbΔC-X as a repressor isoform is not able to recruit p300/HATs. However, CREM-IbΔC-X overexpression starts early in development which may induce compensatory mechanisms. Nevertheless, more important in the context of this study is the clearly visible effect of VPA on histone acetylation as an evidence for effective HDAC inhibition.

Conclusions
-----------

In summary, we report that the clinical available and well-tolerated HDAC class I/IIa inhibitor VPA is able to retard the development of atrial remodeling in CREM-IbΔC-X transgenic mice, a unique model of atrial remodeling with spontaneous onset AF. VPA reverses the dysregulation of proteins in transgenic mice that are involved in many AF relevant pathways. This, in turn, results in beneficial effects on a multitude of AF promoting and maintaining substrates, which finally delays the time until the onset of AF. Currently, no available drug in the treatment of human AF has proven to achieve this.
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